Background and Purpose: Attempts have been made to characterize conditions under which oxygen free radicals contribute to ischemic brain damage. According to one hypothesis, free radicals are likely mediators of damage only when ischemia is of such long duration that infarction develops or when either preischemic hyperglycemia or hyperthermia is present. The objective of the present study was to explore whether 15 minutes of forebrain ischemia, an insult that leads to selective neuronal vulnerability but not to infarction, is accompanied by production of pathogenetically important free radicals.
It was suggested more than 10 years ago that free radicals are involved in causing brain damage due to stroke and trauma.1-6 However, although the free radical hypothesis has been under close scrutiny ever since, it has been difficult to obtain definite proof for the involvement of free radicals in ischemic brain disease (for references and discussion, see . This may be partly because free radicals or their biochemical products are difficult to detect and quantify, and partly because free radicals may be formed by cells damaged by other mechanisms and are not necessarily the cause of the damage.10 The situation has now changed since recent evidence suggests that several compounds, the sole or main action of which is to scavenge free radicals, ameliorate brain and spinal cord See Editorial Comment, page 736 damage due to trauma and ischemia (for recent literature surveys, see References 9, 11, 12) . Thus, scavengers like dimethylthiourea (DMTU) and allopurinol, a xanthine oxidase inhibitor, have been shown to ameliorate damage due to reversible forebrain ischemia in gerbils13 or middle cerebral artery (MCA) occlusion in rats. 14 Another important advent in the field is that new techniques have become available for the detection of free radicals at the tissue level.15-'9 Two of these are based on the ability of free radicals to modify or oxidize proteins. The astrocytic enzyme glutamine synthetase (GS) is known to be susceptible to oxidizing damage by alterations of two specific amino acid residues.20,2' Oliver and coworkers18 reported that GS activity in brain homogenates from gerbils was decreased to 65% of control levels after 10 minutes of forebrain ischemia followed by reperfusion. The alteration was detectable after 60 minutes of recirculation, the minimal value was observed after 120 minutes, and recovery occurred after 24 hours. These authors could also show increased protein oxidation by measuring the protein carbonyl content during the reperfusion phase.
Currently under debate are questions regarding the circumstances under which free radicals enter as important modulators of ischemic and traumatic brain dam-age and the points of attack of the scavengers mentioned. It has been suggested that brain damage due to free radicals only becomes important after long periods of ischemia, when a vascular component emerges. 9 Obviously, the results of Oliver and collaborators18 do not conform to this hypothesis. Since changes reported to occur in gerbil brain during ischemia/reperfusion are not necessarily valid in other species, we wished to investigate whether oxidative damage to proteins, accompanied by a decrease of GS activity, can be detected in rats as well. For that purpose we induced 15 minutes of forebrain ischemia in starved rats followed by 90 minutes of reperfusion.
Furthermore, if our hypothesis is correct, free radical scavengers should have little or no effect on neuronal damage incurred as a result of brief transient ischemia (see "Discussion"). In the present study, therefore, we induced transient ischemia and evaluated neuronal damage after 7 days of recovery by histopathological techniques in rats treated with DMTU or its vehicle.
Materials and Methods
Male Wistar rats of a specific pathogen free strain (M0llegaard's Breeding Center, Copenhagen, Denmark) were used for the experiments. The animals were fasted overnight but had free access to tap water. The rats used to test the effect of DMTU were divided into two groups receiving either DMTU (n =9) or its vehicle (n=9). The experimental procedure concerning GS activity and protein carbonyl content was designed to reproduce the conditions of Oliver and coworkers. 18 The rats were randomly divided into two groups: one control group was sham operated (n=4), and the other was subjected to 15 minutes of forebrain ischemia and 90 minutes of reperfusion (n=4). All animal experiments were performed by the same person.
DMTU (Janssen Chimica, Beerse, Belgium) was dissolved in 0.9% NaCl to a final concentration of 100 mg/mL. The animals were given either 750 mg/kg DMTU or the equivalent amount of vehicle intraperitoneally 1 hour before ischemia.
Anesthesia was induced with 3-3.5% halothane (Halothane, ICS Chemicals, England) in 30% 02-70% N20. The animals were intubated and connected to a Starling type respirator, and the halothane was lowered to 1.5%. Tail arterial and venous catheters were inserted to allow blood sampling, blood pressure recording, and infusion of drugs. A central venous catheter was inserted through the right jugular vein for rapid control of blood pressure by exsanguination. The common carotid arteries were isolated through a neck incision, as described previously from this laboratory. 22 Needle electrodes were inserted bilaterally into the temporalis muscles for electroencephalographic (EEG) recording. Body temperature was measured with a rectal thermometer, and a temperature probe was placed subcutaneously on the skull bone over the frontoparietal region. Head and rectal temperatures were maintained at 37-38°C before and during ischemia with external heating by the use of a heated operating the same method, but the carotid arteries were not clamped. After 15 minutes of ischemia, the carotid clamps were removed and the shed blood was retransfused. In the immediate recovery period, 0.5 mL of sodium bicarbonate (50 mg/mL) was given intravenously. The sham-operated animals received 0.5 mL 0.9% NaCl. Arterial blood gases were measured and blood pressure was recorded continuously. After 30 minutes of recirculation, catheters were removed and wounds were sutured in the animals that were to undergo histopathological examination, after which they were disconnected from the ventilator and returned to their cages. In the groups that were to undergo analysis of GS activity and carbonyl compounds, anesthesia was continued for 90 minutes of recovery. Thereafter the animals were decapitated, and the brains were rapidly removed and frozen in chilled isopentane (-45 to -50°C). The frozen brains were stored at -80°C until analyzed. The chemical analyses for GS activity and protein carbonyl content were made on samples of brain tissue from hippocampus and caudoputamen (45-55 mg). Preparation of tissue extracts for biochemical determinations was according to Oliver and coworkers,18 as described in detail in a separate publication.23 In summary, the samples were dissected at -20°C, introduced into 1 mL of 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate buffer (pH 7.4) containing 137 mM NaCl, 4.6 mM KCI, 1.1 mM KH2PO4, 0.6 mM MgSO4, 1.1 mM ethylenediaminetetraacetate, leupeptin (0.5 ,ug/ mL), pepstatin (0.7 ,ug/mL), phenylmethylsulfonylfluoride (40 ,ug/mL), and aprotinin (0.5 ,ug/mL). Samples were sonicated using an Ultrasonic homogenizer and then centrifuged at 100,000g for 5 minutes in a Beckman TL-100 refrigerated ultracentrifuge. The aliquots of clear supernatant fluid were used for the determination of GS activity and protein carbonyl content and for the measurement of proteins.
GS activity was determined by y-glutamyltransfer assay according to Miller et al.24 Assay mixtures contained in 1 mL:50 mM imidazole-HCl buffer (pH 6.8), 50 For histopathological examination the animals were reanesthetized after 7 days of recovery and perfusionfixed with 4% buffered formaldehyde. The brains were removed from the skull the following day and stored in cold fixative until processed for microscopy. Dehydrated and paraffin-embedded brain slices were subserially sectioned in the coronal plane and stained with celestine blue/acid fuchsin as previously described. 27 We evaluated brain damage quantitatively in a blinded fashion using light microscopy at magnifications of x 100-400. Structures examined were caudoputamen at the level of the bregma and neocortex and hippocampus at the level of 3.8-4 mm distal to the bregma. In hippocampus (subregions CA1, subiculum, and dentate hilus), the number of surviving neurons in one section was counted, and in neocortex all layers were examined and the number of dead neurons in one section was counted. The reperfusion that were to undergo chemical analysis. Figure 1 , the DMTU-treated rats had a histopathologic profile with a significantly (p<O.OO1) higher number of normal neurons in the hippocampal subregions subiculum and CA1 compared with the saline-treated rats. The mean number of surviving neurons in the subiculum in the DMTU-treated rats was 190±73 compared with 71±14 in the salinetreated rats. In CA1 the mean number of surviving neurons in DMTU-treated rats was 246±112 compared with 78±19 in the saline group. In one DMTU-treated rat one hemisphere had no damage at all in the hippocampus, with 292 living neurons in the subiculum and 428 in CAl. Neocortical damage evaluated by examination of all layers showed the typical distribution of acidophilic cells in layers III and IV, and occasionally in layer V. As shown in Figure 3 , DMTU-treated rats had a significantly better outcome (p<0.005) than saline-treated rats (DMTU, 51±76 and saline, 312±225). The caudoputamen was also less damaged in the DMTU group (59+11% area damaged) compared with the salinetreated group (83±+-9%) (p <0.001).
The values for GS activity and protein carbonyl content are given in Table 1 . No differences were found in the hippocampus or caudoputamen. In the shamoperated group two samples from the hippocampus represent tissue from two brains each, which were pooled to yield enough tissue for the analysis.
Discussion
As previously stated, there is now strong evidence that production of oxygen free radicals contributes to tissue damage in ischemia and trauma.9'12,29-31 However, since the results reported are not consistent, there is justification in scrutinizing the conditions under which they were obtained. The strongest evidence for production of free radicals of pathogenetic importance derives from experiments with long periods of ischemia, with or without recirculation. Thus, Patt and collaborators'3 found enhanced H202 production, edema, and neurological deficits in gerbils after 3-6 hours of unilateral carotid artery ligation; these changes were reduced by free radical scavengers or xanthine oxidase inhibitors. Recirculation is obviously not a requirement, as shown by the findings of Martz et al'4 that administration of DMTU and allopurinol reduced infarct size after permanent middle cerebral artery occlusion in rats. It is much less clear if free radicals contribute to the selective neuronal damage that results from brief periods of ischemia or from hypoglycemia. In fact, it has been tentatively concluded that selective neuronal damage in hypoglycemia, and perhaps also in short-lasting ischemia, is mainly secondary to calcium "overload" of neuronal cells, with free radical formation playing only a minor role.9 A difference between brief and sustained ischemia could arise because prolongation of ischemia leads to an involvement of cerebral microvessels, affecting important vascular functions such as autoregulation and bloodbrain barrier transport. In other words, free radicalinduced tissue damage may be mainly vascular.7'9'32 This contention is supported by some previous results. For example, the coupling between free radical production and vascular damage has been established in mechanical trauma.7s33 Comparable results have also been reported after freeze lesions, a form of trauma that causes a massive increase in barrier permeability.34 Tissue damage caused by freeze lesions and ischemia is also ameliorated by administration of liposome-entrapped superox- The results obtained with DMTU obviously convey a different message in that the drug clearly ameliorated neuronal necrosis in all regions studied. This effect did not seem to be due to hypothermia; however, because the animals were behaviorally depressed we cannot exclude the possibility that the drug ameliorated cell damage by an unspecific effect on postischemic membrane events. Furthermore, results obtained in cultures on myocytes suggest that DMTU protects against anoxic damage not by an effect related to scavenging of free radicals, but by inhibiting 3 Na+-Ca'+ exchange. 50 On the other hand, there is a precedent for the direct effects of free radicals on neurons. For example, in vitro models suggest that glutamate toxicity may be mediated by both free radicals51"52 and nitric oxide.53 Such studies suggest that free radicals, formed during recirculation, may be involved in neuronal death. Clearly, in this scenario free radical scavengers could very well ameliorate neuronal damage, provided that they can penetrate the blood-brain barrier. The failure of aminosteroids to reduce damage, and our positive results with DMTU, could then tentatively be explained by differences in permeability through the blood-brain barrier.
In conclusion, although unspecific effects of DMTU cannot at present be excluded, the results of this study provide some evidence that free radical damage during transient ischemia is inflicted on both neurons and microvessels.
